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Recordsof atmospheric COz and 13CO2 can be used to distinguish terrestrial

vs. oceanic exchanges of COz with the atmosphere (1-3). However, this approach

has proven difficult in the tropics, partly due to extensive land conversion from C3

to C4 vegetation (4). We estimated the effects of such conversion on biosphere-

atmosphere _3C exchange for 1991 through 1999, and then explored how this "land-

use disequilibrium" altered the partitioning of net atmospheric CO2 exchanges

between ocean and land using NOAA-CMDL data and a 2D, zonally averaged

atmospheric transport model (5). Our results show sizable CO2 uptake in C3-

dominated tropical regions in 7 of the 9 years; 1997 and 1998, which included a

strong ENSO event, are near neutral. Since these fluxes include any deforestation

source, our findings imply either that such sources are smaller than previously

estimated, and/or the existence of a large terrestrial CO2 sink in equatorial latitudes.

From an atmospheric perspective, the carbon cycle in tropical regions has long

been perplexing. Data from terrestrial environments strongly suggest that high rates of

land-use change are causing losses of CO: to the atmosphere; one recent estimate (5)

suggested an average efflux in the 1980's of 2.0 Gt/yr, nearly all from the tropics.

Oceanic pCO2 data also suggest that the tropical oceans should be a net source of CO2 to

the atmosphere in most years (6,7). Thus, one might expect to see clear evidence of these

sources in the tropical atmosphere, yet several studies (8-10) have suggested that the net

fluxes of C02 from earth's equatorial regions may be smaller than predicted from the sum

of deforestation and oceanic effiuxes.
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In part,our limited understandingof thecarboncycle in tropical regionsmaybe

dueto thefact thatisotopic techniqueswhichallow estimatesof how netC fluxesare

partitionedbetweenlandandoceanfacesomeuniquehurdlesin equatoriallatitudes.

Thesetechniqueshaveprovento bepowerful tools in otherregions,andtakeadvantage

of thefactsthat: l) theproductof carbonandits isotopicratio is conservativein the

atmosphere,and2) photosynthesison landdiscriminatesstronglyagainst_3C,whereasthe

effectsof oceanicexchangearecomparativelysmall. The global atmospheric t3CO2

budget can be expressed as:

d C,& = F/_ + Ns(& + e_) + Nb(_ + e,a,) + Ds + Dr, ( 1)
dt

where C, is the atmospheric pool of C, _5a is its t3C value (in %o relative to PDB), Ff is the

fossil fuel release, 8f is its _3C value, Ns and N b are net ocean and land exchanges of C

with the atmosphere, and e. and eab are the isotopic fractionation factors associated with

air-sea transfer and photosynthesis, respectively, expressed as the small differences from

1 in per mil. The last two terms are isotopic disequilibria, defined as the product of the

one-way gross flux and the average isotopic difference between reservoir-to-atmosphere

fluxes and atmosphere-to-reservoir fluxes (11). The two disequilibria in equation 1 are

non-zero due to historical changes in atmospheric _3CO2. These changes cause today's

uptake of CO2 into land or ocean reservoirs to reflect today's atmospheric _3C value, but

effluxes of CO2 from these reservoirs reflects the _3C content of a historical atmosphere

(11). It has been shown that such disequilibria can have a significant effect on

isotopically-derived estimates of terrestrial vs. oceanic carbon fluxes (12).

The tropics present an additional problem not reflected in equation 1: widespread

areas of vegetation containing the C4 photosynthetic pathway. Unlike C3 plants, C4

vegetation displays only minor discrimination against _3C during CO2 uptake (13), and

therefore fluxes of carbon between Ca areas and the atmosphere cannot be readily

3



distinguishedfrom thosebetweenoceanandatmosphere(3). Worseyet,mosttropical

deforestationoccursin C3forests,but thevastmajorityof vegetationthatreplacesthese

forestsis C4 pasture grasses or crops. This conversion causes respiration of soil carbon to

be significantly lighter in _3C than the newly formed plant material for several decades, in

turn creating a net flux of 13C from atmosphere to land (Fig. 1). This "land use

disequilibrium" does not occur over spatial scales nearly as large as do those arising from

historical changes in the atmosphere, but the isotopic change created by rapid C3 to C4

shifts can more than an order of magnitude greater than that from atmospheric change.

While the potential importance of land use change on the atmospheric _3C budget has

been recognized in past studies (3, 14), attempts to use atmospheric _3CO2data to estimate

land versus ocean carbon exchanges have not been able to account for this effect.

The land-use disequilibrium can be written as:

Dr,, = Rt,,( 8.esp- cS_si,.) (2)

where R_u is heterotrophic respiration from lands which have been converted from C3

forest to C4 crops or pasture, 5_p is the 13C value of that flux, and _Sa_simis the 13C value of

the new C4 vegetation. In theory, D_. can be added easily to equation 1, but estimating its

value requires knowledge about the heterotrophic respiration and the isotopic imbalance

of every parcel of cleared land which has a disequilibrium created by a change from C3

forest to C, pasture or crops.

Following such a change, the soil carbon pool will continue to respire C3 carbon,

but the fraction of heterotrophic respiration which is C3 will decline (Fig. l), and

frequently, the total respiration flux will also decline as land is degraded (15). Thus, a

recently cleared pasture will have a much greater D_u than an old pasture. A single, global

D_u value for a given year must therefore account for the age of every piece of converted

land that contributes to this value:
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Dl_ = _ Gi(t_,, - _,)i (3)
i=1

where i through n represent annual age classes of cleared lands.

Our estimate of D_u focused on land conversion in moist tropical forests. Most of

the annual conversion rates were taken from two published sources (16,17); the exception

was for recent rates of conversion in the Amazon basin, where we used data from the

Brazilian agency INPE (18). The conversion rates represent net changes in forest area

(from forest to pasture or agriculture). We compiled single average values for Latin

America, Africa and Asia for every year beginning in 1950. Not all years and continents

have annual data, especially prior to the 1980's, therefore decadal averages were used for

many of the early numbers. Most (but not all) converted land in Latin America and

Africa is either pasture or C4 crops (19, 20); we assumed that 80% of the total conversion

was a C3 - C4 change. Due to widespread rice cultivation in Asia, we assumed a value of

50% in this region.

We used Century model (2 I) simulations of selected sites in all three continents to

estimate the amount and 13C value of respired C in the decades following conversion (fig.

1); isotopic values for C3 and C4 vegetation were set at -27 and -13%o, respectively.

These simulations generated estimates of Dlu on a per area basis at any given time since

conversion; the conversion data referenced above were then used to derive a pan-tropical

value in any given year. Century simulations were validated against data from pasture

chronosequences in Costa Rica, Brazil and Hawaii; in all cases the model was able to

predict isotopic changes over time with reasonable accuracy (e.g. Fig. 1). We wish to

note that while uncertainties remain in our ability to model soil carbon turnover in

tropical systems, predictions of the time course of isotopic change following vegetation

shifts are subject to much less uncertainty than is the land-use data itself.



As canbeseenin figure 1,differencesbetweentheisotopicvaluesof

photosyntheticvs. respirationfluxespersistfor decades,evenin thesewarmclimates.

Thus,apastureformedforty yearsagocanstill contributeto D_,,.However,by far the

greatestisotopicimbalanceis foundin thefirst fewyearsfollowing conversion,therefore

recentlyclearedareasdominatetheD_uvaluefor anygivenyear. This is fortunate for our

estimates, in that data on rates of land conversion are far better constrained in recent

years than they are for earlier decades.

One significant uncertainty in deriving D_o estimates lies in the fact that older

cleared lands are often abandoned and begin to undergo secondary succession of C3

vegetation (22). The clearing rates we used represent net losses in forest area, but

cleared, abandoned land will not show up in these data as forest until it has undergone

significant succession. Thus, some of the cleared area in our estimates will be land that is

an uncertain mix of C3 and C4 vegetation. Potentially, this switch from Ca back to C3

could help offset the size of D_u by creating lands with an isotopic imbalance opposite in

sign to that of the original clearing. However, unlike the original clearing where the

change from C3 to C4 is rapid, secondary succession replaces C4 with C3 vegetation at a

slower rate. The time scale of this change also depends on the age of the abandoned land

(23). For example, in older cleared areas, the 8_3C signature of soil carbon will have

significantly changed from a C3 value to one close to that of the C4 vegetation, creating

the potential for a large disequilibrium in the reverse direction. However, succession into

these older areas tends to be very slow, occurring on roughly the same time scales as soil

carbon turnover (23, 24). In contrast, cleared lands abandoned in the first few years after

conversion will return quickly to nearly all C3 vegetation, but their soil carbon will also

have relatively little C4 carbon prior to abandonment. The net result in either case is that

any imbalance due to secondary succession is likely to be small relative to the effects of

the initial conversion.



We thereforeassumedthatsecondarysuccessionin abandonedpasturesor

croplandsprobablydoesnotcreatea largeisotopicdisequilibrium,butoncelandis

abandoned,thatland'scontributionto Dluprobablyceases.Thus,althoughtherearevery

old parcelsof clearedlandin tropicalregionsthat still contributetoD_,,,othershavebeen

abandonedmuchmorerapidly. This fact requiresthatwemakesomeassumptionsabout

howfar backinto theclearingrecordweshouldincludelandsascontributingto thetotal

disequilibrium. As asensitivitytest,wecalculatedseveralvaluesthatspanarangefrom

only themostrecent10yearsof clearingup to 40years.Thesevaluesthroughoutthe

1990'sareshownin figure 2, andseveralimportantattributesof the land-use

disequilibriumareapparentfrom this figure. First,becauseyoungerclearedsiteshaveby

far thegreatestisotopicimbalance(Fig. 1),thecontributionto thetotalDluvalueismuch

greaterfrom themostrecent10yearsof clearingthanfrom prior decades.Most of the

differencebetweenthe 10and20yearlines in figure2 isdueto themuchlargerisotopic

imbalancein recentlyclearedlandsratherthanto anysubstantivedifferencein clearing

ratesbetweendecades.Second,figure2 showsthatassumingaverageagesof

abandonmentin excessof 20yearsmakesarelativelyminordifferencein thetotalD_u

value.
We thentook thevaluesfor D_ubasedonarangeof averageabandonmenttimes

from 10to 40yearsandassessedtheir effectonthepartitioningof regional-scale,

surface-atmospherecarbonexchangesbetweenlandandoceanreservoirs.Briefly, the

estimatesof carbonexchangesby latitudearederivedasfollows. Foreveryyearsince

1990,theStableIsotopeLaboratoryatINSTAAR hasmeasured5_3Cvaluesof CO_in

weeklysamplesof air takenfrom aglobalnetworkof sites;theseisotopicdata

complementNOAA/CMDL's measurementof CO2mixing ratiosfrom thesesites(25).

Thesmootheddataarethenusedto estimatethelatitudinaldistributionof netsurface

fluxesof CO2and _3CO2via inverseapplicationof atwo-dimensionalatmospheric
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transportmodel(14,26). Finally, theseparationof netfluxesinto landandocean

componentsis doneusing linearequations(similar to eq. 1above)in which theknown

fossil fuel contributionis removed,andthevariousisotopicfractionationfactorsand

disequilibriaarespecified.Full descriptionsof thedataandmodelingtechniquesused

herecanbe foundelsewhere(5,12).

Figure3ashowstheeffectsof addingthe20yearlandusedisequilibriumvalues

to theestimatesof landvs.oceanfluxes in tropicallatitudes(17°N-S;theeffectsin

higherlatitudesareminor). Incorporationof D_uinto thisanalysisaltersthepartitioning

of fluxesby anaverageof 1.04Gt peryearover the1990's;thedirectionof thischangeis

for greatercarbonuptakeby Caecosystems.Two strikingfeaturesemergefrom figure 3.

First,despiteabundantevidencethatlandusechangein C3regionsof thetropicsis

responsiblefor largelossesof C to theatmosphere,theseregionsdisplaynetuptakeof

CO2for 7 of the9 yearsin therecord.Theremainingtwo years,whichspanastrong

ENSOevent,arenearneutral. This suggeststheexistenceof asizableterrestrialsinkfor

atmosphericCO2in tropical forests,onethatin someyearsmayrival thatestimatedfor

mid-latitudesof thenorthernhemisphere.Severalotherrecentapproachesto

understandingthecarbonbalanceof theterrestrialtropics,rangingfrom flux tower

measurements(27), to forestinventories(28),to ecosystemmodeling(29),havealso

suggestedthepossibilityof asizableC sink. Themechanismsbehindsuchasinkare

unknown,thoughareasof regrowth(30), risingCO2levels(3I) andclimatic variability

(32)haveall beenproposedaspossibilities.Furthermore,exchangesof CO2between

tropical forestsandtheatmospherearehigherthanfor anyotherbiome,thereforea small

percentagedeviationfrom equilibriumin photosyntheticandrespirationfluxescanstill

havea significantimpacton theatmosphere(33),
Second,theblue line in figure3ashowsthenetflux for oceansand lands

dominated by C4 vegetation; these cannot be separated in this analysis. Our results



suggestthatwhenthelanduseeffect is considered,themajorityof thenetefflux of CO2

from the earth's surface to the atmosphere in tropical latitudes is due to net losses from

oceanic or Ca vegetation realms. This result is consistent with oceanic pCO2 data, and is

also consistent with the fact that C4 dominated lands are subjected to heavy

anthropogenic use throughout the tropics, use which frequently leads to degradation and

net C losses (4).

The values in figure 3a assume a 20 year contribution of cleared lands to the land

use disequilibrium; figure 3b shows the net flux from C3 lands using a range of D_,, values

from 10 to 40 year abandonment times, as well as the net flux assuming no land use

effect. It is entirely possible that the 20 year value is an overestimate. However, for

several reasons we believe that this value is unlikely to represent a large deviation from

reality. First, we assumed that only 80% of clearing in Latin America and Africa

represented a C3-C 4 shift, and that only half did so in Asia; this is quite possibly an

underestimate. For example, several studies have shown that nearly all forests cleared in

the Amazon are converted to areas of C4 vegetation (19). Second, as noted above, Dtu is

dominated by the contribution of more recently cleared lands; as an example, cutting the

20 year value in half only reduces Dtu by 30%. Third, even if our chosen value for D_u is

somewhat high, the value is growing every year as more land is cleared, unless average

abandonment times for cleared lands are decreasing. Finally, and perhaps most

importantly, the implication that a significant terrestrial sink exists in tropical forest

regions - and/or of much smaller values for deforestation losses than typically assumed -

would remain even if we used a D_u value that only accounted for the last 10 years of

clearing (figure 3b).

The difficulties of quantifying C3-C4 conversion areas and their average time until

abandonment at a pan-tropical scale unquestionably introduce error into any estimate of

Dtu. For example, although we assumed C3-C4 conversions represented a complete
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changein photosyntheticpathways,mosttropicalpasturesdocontainsomeC3woody

vegetationatnearlyanyage. In part,this is whyweattemptedto useconservativevalues

for thefractionof all deforestationthat is aC3-C4change.Moreover,we recognizethat

inversemodelingresultsaremostuncertainin thetropicsdueto vigorousverticalmixing

in theequatorialatmosphere.However,webelievetherangeof valuesshownin figure

3bmakesit clearthatthe isotopicimbalancecreatedby suchlandusechangeis large

enoughto requireits incorporationintoanyestimateof tropicalcarbonfluxesthatis

baseduponatmospheric_3Cdata.Tropicalecosystemscyclemorecarbonannuallythan

anyothersonearth,andthushavethegreatestpotentialto affectatmosphericCO2levels

at decadaltimescales.Giventherapid landuseandeconomicchangesoccurringin the

tropics,it is essentialthatweunderstandnotonly thecurrenteffectsof tropical

ecosystemson atmosphericCOz,but alsothemechanismsthatdrivetheseeffectssothat

wemayhavesomepredictivepowerfor thefuture.
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Figure Legends

Figure 1. t3c values for heterotrophic respiration following a change from C3 forest to C4

pasture. Data are from a pasture chronosequence in Costa Rica; solid line shows the

results of a Century model (21) simulation for the same sites.

Figure 2. Values for the land use disequilibrium (D_u; see equations 2 and 3) throughout

the 1990's assuming different average ages of abandonment for cleared lands. For

example, the 10 year line assumes that only land cleared in the ten years prior to the year

for which the value is shown contributes to that value, and that all cleared land older than

ten years is isotopically in balance. The lines are as follows: 10 yr - circles; 20 yr -

squares; 30 yr - diamonds; 40 yr - triangles. Units are in Gt C per mil.

Figure 3. (a) 1991-2000 smoothed (one year) net CO2 fluxes between earth's surface and

the atmosphere between 17°S and 17°N (red line) without the contribution of fossil fuel

emissions, and the separation of those fluxes into C3 land (green line) and ocean plus C4

land (blue line) components. This separation incorporates the 20 year values for Dtu (see

figure 2). Positive values represent a net flux to the atmosphere; negative values are net

uptake. Units are 10 TM mol CO2 per year.

(b) Net annual CO2 fluxes between C3 lands and the tropical atmosphere (17°N-S)

assuming no land use disequilibrium (black dashed line), DI,, values assuming I0, 20 and

30 year abandonment times (red, blue and green lines, respectively), and a "maximum

possible" value in which a 40 year abandonment time is used and all land conversion is

assumed to be C3 to C4 (purple line).

13



,u m
{'' .m

o-E
O
5..

0 o)

_- 0

c_
0

-10

-15

-20

-25

-30

n

Figure 1

I value of C 4pasture grass t

I value of C 3 forest I

|

I 1 I I ! I

0 4 8 12 16 20

Pasture Age (yrs)

Figure 2

(.g
V

a

20

15

10

5

,, ,, I,n mnlun._n |,, ,,I,, ,,I,, ,,1,, ,,! ....

)91 1992 1993 1994 1995 1996 1997 1998 1999

14



4

Figure 3a

3

2

0
1

o
E

"_" 0
0
"1""

-1

-2
1992 1994 1996 1998 2000

0

o
E

o
"T"

1.5

0.5

0

-0.5

-1

-1.5

-2

-2.5
1990

Figure 3b

1992 1994 1996 1998 2000

15




